Background: Invasive exotic species cause significant problems, and the effects of extreme precipitation and drought, which might occur more frequently under the global climate change scenarios, on interspecific relationship between invasive and native species remain unclear. Results: We conducted a greenhouse experiment with three soil water levels (30%-40%, 50%-60%, and 70%-80% of field capacity) and two cultivation treatments (monoculture pots, one seedling of either species and mixture pots, one seedling of each species) to investigate soil water content effects on the relationship between invasive Rhus typhina and native Cotinus coggygria. We found that in mixture pots, the leaf area index and total chlorophyll concentration of R. typhina were lower than those in monoculture pots; the biomass parameters were unaffected. The growth, biomass, and gas exchange parameters, and total chlorophyll concentration of C. coggygria in mixture pots were lower than those in monoculture pots. Drought decreased the growth parameters, total chlorophyll concentration, and leaf biomass, but did not change gas exchange and other biomass parameters in R. typhina. The growth parameters, leaf area index, biomass parameters, total chlorophyll concentration, and net photosynthetic rate of C. coggygria decreased under drought conditions. The log response ratio (lnRR), calculated as ln (total biomass of a target plant grown in monoculture / total biomass of a target plant grown in mixed culture), of R. typhina was lower than that of C. coggygria. The lnRR of R. typhina and C. coggygria decreased and increased with increase in soil water content, respectively. Conclusions: R. typhina has greater capacity to relatively stable growth in the drought condition than C. coggygria and has strong competition advantages in the mixture with C. coggygria, especially in Affiliations
3 the drought condition. Our study will help understand the causes of invasiveness and wide distribution of R. typhina under various moisture conditions and predict its expansion under climate change scenarios.
Background
The global climate change has resulted in an increasing trend in extreme precipitation in some areas, and severe drought is predicted to occur more frequently in the future in several regions of the world [1] . Water limitation is one of the main factors limiting plant growth and is the most general type of stress experienced by plants. Drought restrains eco-physiological performances of plants, such as photosynthesis and primary productivity [2, 3] and changes the community structure [4] , creating an opportunity for the invasion of exotic species, most likely resulting in the decline of biodiversity [5] and instability of the entire ecosystem [6] .
Identifying the determinants of the invasiveness of alien plant species is essential in invasion ecology, and it has considerable implications [7] . It has been reported that the invasive species always have faster growth rate, stronger photosynthesis [8] , and more plastic biomass allocation [9] than those of native species. These differences can be explained by the phenotypic divergence hypothesis [10, 11] , which suggests that the higher the difference in functional traits between the invasive and native species, the higher the probability of successful invasion.
However, based on the process of habitat filtering, phenotypic convergence hypothesis [12, 13] states the importance of environmental factors and holds that invasive and coexisting native species have a strong similarity in functional traits.
This strong similarity confers the exotic species the ability to adapt to local environments and to invade native communities more easily [12, 14] . The phenotypic convergence hypothesis has been supported by some empirical studies [15, 16] . Despite numerous studies, there is no consensus on this hypothesis.
The competition for resources is a crucial process that influences plant competitive interactions and invasiveness [5, 7, 17] . According to the theory of fluctuating resource availability [18] , increased resources will increase probability of invasion success of invaders into a plant community. In addition, native species have been reported to outperform the invasive species under limited resource conditions [14] .
However, it is not always the case as invasive species were more or similar efficient compared to native species under conditions of low resources [19] . Besides, if the growth of exotic and native species is restricted by different resources, the increase in certain resources might not exacerbate the competitive effects of exotics [20, 21] . Therefore, the consistent conclusion is still far from clear.
Water plays an important role in the growth and physiology of plants and significantly affects the interaction between native and invasive species [22] . Drier soils have been demonstrated to significantly increase the total biomass of invasive species, whereas, the native species are unaffected by the soil water status [23] .
However, the relative growth rate of invasive Lantana camara decreased under drought condition; thus, limiting its invasion into arid and sub-arid environments [24] . Furthermore, some studies found that native species is a better competitor than invasive species, regardless of the water regime [25] or water supply pattern [26] . Experimental evidence is still insufficient and the effect of soil moisture on the competitive effects of invasive species remains unclear.
To examine the effects of invasive species on native species in response to various water conditions, we conducted a greenhouse experiment with an invasive species 5 (Rhus typhina ) and a confamiliar native species (Cotinus coggygria). Rhus typhina , a large shrub or small tree native to eastern North America [27] , is highly invasive in Europe [28] , and it is also regarded as an invader in China [29] . The species can propagate through root suckers to occupy the territory rapidly, and it can tolerate extremely poor soils with rapid reproduction and vigorous growth [30] . Cotinus coggygria is widely distributed in the warm-temperate zone of China by local adaptation [31] , and it tends to be a small tree or a shrub [32, 33] . Both the species are regarded as ornamental plants, and they are known for their red autumnal leaves [30, 33] . Besides, the two species are widely used for reforestation in North China [30] , and thus often co-occur in both warm temperate forests and urban plant communities.
Interspecific comparisons between native and invasive species have been conducted previously [27, [34] [35] [36] . However, most of them have compared mixture treatment containing two species in one pot with monoculture treatment containing two or more single-species plants in one pot [27, [34] [35] [36] . This kind of experimental design might underestimate the effects of interspecific competition, because the comparison is made between interspecific and intraspecific competition, with intraspecific competition as control [23, 27, 37] . Therefore, in the present study, we set up a monoculture treatment with one species per pot as the control to avoid the interference of intraspecific competition. We addressed the following questions:
(1) Is the invasive typhina a superior competitor in mixtures? Does R. typhina show convergence or divergence in functional traits relative to C. coggygria?
(2) What functional traits confer the competitive advantage to the superior competitor?
(3) Does water availability affect the competition dominance between R. typhina 6 and C. coggygria?
Results

Plant growth
In the monoculture pots, the shoot height and RGR-H of R. typhina were lower than those of C. coggygria, whereas the crown area of R. typhina was higher than that of C. coggygria (Fig.1 ). In the mixed culture pots, the shoot height and crown area were higher than those of C. coggygria (Fig.1 ). All the growth parameters, including the shoot height, crown area, and RGR-H of R. typhina were generally decreased under drought condition, but not by cultivation ( Table 1 ; Fig.1 ). The interaction of drought and cultivation had no effect on any of the growth parameters of R. typhina ( Table 1 ). All the growth parameters of C. coggygria in the monoculture pots generally decreased with decreasing soil moisture content, whereas, those of C. coggygria in the mixture pots were similar across all water treatments ( Fig. 1 ).
Mixed culture reduced all the growth parameters of C. coggygria (Table 1 ; Fig. 1 ) compared with those of the monoculture pots. The effects of interaction between drought and cultivation were found on the shoot height of C. coggygria (Table 1) .
Leaf traits
In the monoculture pots, the LAI of R. typhina was higher than that of C. coggygria (Fig. 2 ). In the mixture pots, the SLA of R. typhina was lower than that of C. coggygria (Fig. 2) . Water had no effect on the SLA and LAI of the two species (Table   1 ). Furthermore, the SLA of R. typhina was not affected by cultivation treatment as well. The SLA and LAI of C. coggygria generally increased in the mixture pots, compared with those of C. coggygria in the monoculture pots (Table 1 ; Fig. 2b, d ).
On the contrary, the LAI of R. typhina was decreased by mixed culture ( Table 1 , Fig.   7 2a).
Biomass and allocation
In the monoculture pots, the total biomass and leaf biomass of R. typhina were higher than those of C. coggygria under W1 and W2 conditions, but lower than those of C. coggygria under W3 condition. The root biomass of R. typhina was higher than that of C. coggygria in all the water treatments. In the mixture pots, the total biomass, leaf biomass, stem biomass, and root biomass of R. typhina were higher than those of C. coggygria in all the water treatments.
In R. typhina, neither cultivation nor interaction between cultivation and water affected any of the biomass and allocation parameters and water affected only the leaf biomass ( Table 1 ). The biomass parameters of C. coggygria were affected by cultivation and water, as well as their interaction. Mixed culture decreased all the biomass parameters and the SBR of C. coggygria; the LBR and RBR increased in the mixture pots compared with those in the monoculture pots ( Fig. 3c ). Drought decreased all the biomass parameters of C. coggygria in the monoculture pots, whereas, those of C. coggygria in the mixture pots were not affected ( Fig. 3 ).
Chlorophyll and photosynthetic characters
In the pots, the total chlorophyll concentration, A, and Gs of R. typhina was lower than those of C. coggygria (Fig. 4 ). In the mixture pots, the total chlorophyll concentration of R. typhina was lower than that of C. coggygria under W3 condition but higher than that under W1 and W2 conditions ( Fig. 4 ). In the mixture pots, the A and Gs of R. typhina were higher than that of C. coggygria under W1 and W2 conditions but were similar to those of C. coggygria under W3 condition. In the monoculture pots, the WUE of R. typhina was similar to that C. coggygria but was higher than that of C. coggygria in all the water treatments in mixture pots (Fig. 4 ).
The WUE of R. typhina increased in the mixed culture compared to that in the monoculture, whereas the WUE of C. coggygria in the mixed culture decreased compared to that in the monoculture (Fig. 4) .
The total chlorophyll concentration of R. typhina was decreased by increasing soil water content and mixed culture ( Table 1 , Fig. 4 ). The total chlorophyll concentration of C. coggygria was decreased by mixed culture ( Table 1 , Fig. 4 ). The chlorophyll a to chlorophyll b ratio of R. typhina was decreased by mixed culture (Table 1 , Fig. 4 ). The interaction between mixed culture and water affected the chlorophyll a to chlorophyll b ratio in R. typhina (Table 1 ). However, neither mixed culture nor water had effect on the chlorophyll a to chlorophyll b ratio of C.
coggygria (Table 1) . Plant cultivation and soil water content had no effect on the A of R. typhina, whereas mixed culture decreased that of C. coggygria (Table 1; 
Competitive interaction between two species
The lnRR of R. typhina decreased with increase in soil moisture content, whereas, that of C. coggygria increased (Fig. 5 ). The lnRR of R. typhina was lower than that of C. coggygria (Fig. 5 ).
Discussion
We conducted the phylogenetic comparison to minimize phylogenetic bias as trait differences among species strongly depend on phylogenetic relationships, growth forms and life forms [7, 19, 38] . In the present study, the mixed culture decreased 9 all biomass parameters of C. coggygria, whereas none of the biomass parameters of R. typhina was affected by the cultivation treatment. This indicates the strong competitive effects of R. typhina on C. coggygria and that R. typhina is the superior competitor. The lnRR further validated this observation as the lnRR of R. typhina was always lower than that of C. coggygria, indicating the competitive effects on R.
typhina was less than that on C. coggygria. However, we cannot conclude that mixed culture with C. coggygria facilitated the growth of R. typhina in well-watered conditions even though the lnRR of R. typhina was below zero under W3 condition. This is because the total biomass of R. typhina remained unchanged across different water regimes. Rhus typhina has also been reported to outcompete native Quercus acutissima [ 27] and Vitex negundo [ 26] .
Interaction between R. typhina and C. coggygria under mixed culture condition
The shifts in biomass allocation pattern of the introduced species can create a competitive advantage for a species over their neighbors in response to different environmental conditions [14, 39] . However, this was not the case with R. typhina in the present study, as the biomass allocation pattern of R. typhina was not affected by the cultivation treatment. The higher LBR of C. coggygria in the mixture pots than in the monoculture pots indicates that the plant tends to increase photosynthesis area to capture light. However, the LBR of Q. acutissima decreased while competing with R. typhina when compared with that in monoculture [27] . Even though C. coggygria invested relatively more resource on leaf, the leaf biomass and crown area of C. coggygria decreased in the mixture pots compared with those in the monoculture pots, indicating that its light-capture ability actually decreased. This is most likely caused by the extremely low overall biomass produced by C. coggygria in the mixture culture.
Shoot height and allocation to growth have been shown to promote invasiveness [38] . Higher shoot height, crown area, and leaf biomass in the present study together conferred R. typhina a competitive advantage over C. coggygria to obtain more light in mixture pots. According to the productivity-dependent scaling hypothesis, high aboveground productivity of the neighboring plant will impose strong asymmetric competition on the target plant [40, 41] . This asymmetric competition for light has the strongest effect on the growth of small trees [40] , i.e., C. coggygria seedlings in the present study, as the largest share of a vital resource can be gained by a plant through a slight height advantage over its neighbors [42] .
The growth rate is probably a key functional trait linked to the invasiveness of a tree species, and it is highly associated with the invasion success of tree species [7, 38, 43] . In the mixture pots, R. typhina had slightly higher RGR-H and thus taller shoot to cover C. coggygria rapidly, suppressing the growth of the native species by shading it [11, 21] .
For C. coggygria, the RBR increased but the root biomass decreased in mixed culture, indicating that its ability to obtain water and potential nutrients was decreased by the strong competition from R. typhina. Larger root biomass of R.
typhina than that of native species were found previously [26, 27] . Furthermore, the RBR, root biomass, and WUE of R. typhina were higher than those of C. coggygria in mixed pots, which conferred R. typhina a conspicuous advantage to absorb more water and nutrients, and utilize the water more efficiently, hindering the growth of C. coggygria by decreasing its resource supply [21] . In this situation, C. coggygria invests more on biomass production to the root and leaf to cope with the intrusion of R. typhina, but this alteration in biomass allocation strategy still cannot offset the strong competitive effects from R. typhina. Considering the aboveground advantages mentioned above, we conclude that invasive alien species possess stronger light-capturing and water/nutrients-absorbing abilities, and water use efficiency than the native species by exhibiting more acquisitive functional traits.
The A and Gs of R. typhina remained constant in the mixture pot compared with those in the monoculture pots, whereas, those of C. coggygria decreased substantially. This conferred R. typhina an assimilatory advantage over C. coggygria; thus, contributing to higher performance than that of C. coggygria in the mixture pot. Higher photosynthetic traits are considered typical features for the success of invasive species [7, 11, 27, 38] and may be the reason for the higher growth rate of shoot height of R. typhina in the present study. Cotinus coggygria in the mixture pots presented higher SLA (thin and/or less dense leaves) than that in the monoculture pots, suggesting that C. coggygria has large assimilatory surfaces for a fixed amount of carbon; thus, reducing the investment on leaves in mixed culture [44] . However, in the present study, the LAI of R. typhina in the mixture pots decreased compared with that in the monoculture pots, reducing light interception and transpiration and eventually inhibiting its growth. This suggests that R. typhina is negatively affected by C. coggygria to some extent.
In summary, the two species differed markedly in their ecological strategies when they were cultivated either separately or together. Cotinus coggygria seedlings tend to grow upward (higher shoot height, RGR-H, and SBR than those of R. typhina) to reach the upper space with higher A than that of R. typhina. Rhus typhina seedlings tend to grow horizontally (higher crown area than that of C. coggygria) to capture more light and deeply to obtain more water and nutrient (higher root biomass and RBR than those of C. coggygria). The strategy of R. typhina seedlings was unaffected by mixture culture and maintained larger crown area, leaf biomass, and root biomass than those of C. coggygria. The upward growth of C. coggygria seedlings was strongly inhibited (indicated by distinctly lower shoot height than that of C. coggygria in monoculture) and its A was decreased most likely due to the shade environment caused by the exceedingly larger canopy of R. typhina seedlings in the upper layer in the mixture. Eventually the total biomass of C. coggygria seedlings was extremely lower than that of R. typhina seedlings in the mixture pots.
Therefore, the invasive R. typhina and the native C. coggygria displayed differences in most crucial functional parameters related to growth when they were cultivated separately or together, indicating that our results support the phenotypic divergence hypothesis [10] rather than the phenotypic convergence hypothesis [12, 13] .
Invasive alien R. typhina possesses three advantages over the native C. coggygria in the mixed culture. First, with the stronger photosynthetic capacity than C. coggygria, R. typhina was able to achieve a higher growth rate and larger amount of carbohydrate production. Secondly, in the mixture pots, higher shoot height, crown area, RGR-H, and leaf biomass enabled R. typhina to exhibit dominance earlier by obtaining more light resource and shading the native C. coggygria. This asymmetric competition caused by the higher aboveground productivity of R. typhina over C.
coggygria results in positive-feedback [41] to R. typhina, leading to even higher competitive advantages of R. typhina. Finally, the higher root biomass and WUE of R. typhina than C. coggygria conferred R. typhina the ability to obtain water and nutrients, and utilize water more efficiently.
Drought relieves the competitive effects of R. typhina on C. coggygria
Rhus typhina maintained its dominance under drought condition despite the fact 13 that the competitive ability of R. typhina over C. coggygria decreased and concomitantly the competitive ability of C. coggygria over R. typhina increased to some extent. This observation generally supports the fluctuating resource availability theory [18] , which holds that a plant community's invasibility decreases under limited resource conditions. The decrease in the competitive ability of R. typhina over C. coggygria was alleviated to some extent, because the lightcapturing ability of R. typhina decreased to some extent, although this ability was still conspicuously stronger than that of C. coggygria. Rhus typhina has been shown to outperform native Vitex negundo under variable levels of water supply frequency but with a constant level of total supplied water [26] .
Drought decreased all the biomass parameters of C. coggygria in the monoculture pots, whereas, those in the mixture pots was unaffected by drought, suggesting that the mixed culture alleviated the negative effects of drought on C. coggygria. This might be because R. typhina has a larger crown area than that of C. coggygria, which would intercept more light, reduce the temperature of the topsoil and evaporation of soil water, and eventually alleviate the negative effects of drought on C. coggygria when it is grown close to R. typhina. It has been reported that shade can alleviate the negative effects of drought on Acer buergerianum [45] , which is consistent with our results. The decreased chlorophyll a to chlorophyll b 14 ratio of C. coggygria under drought conditions provided further evidence to this view, because decreased chlorophyll a to chlorophyll b ratio enables the plant to obtain more light in shade [45] . Therefore, the increase in the competitive ability of C. coggygria over R. typhina under drought condition was likely caused by weaker drought effects on C. coggygria in the mixture pots compared with that in the monoculture pots. In mixture pots, the root biomass and RBR of both species remained unchanged with the increasing drought stress, and R. typhina had higher root biomass, RBR, and WUE than those of C. coggygria, indicating that the belowground advantage of R. typhina to obtain water and nutrients, and utilize water more effectively than C. coggygria was independent of soil water content.
The A and Gs of C. coggygria simultaneously decreased by both drought and the competition with R. typhina, indicating the stomatal closure of C. coggygria in response to drought and competition. The responses of C. coggygria in the present study support the carbon-starvation hypothesis [46, 47] , in which a plant reduces Gs as the soil water potential decreases, decreasing photosynthetic carbon uptake; thus, resulting in lower biomass compared with that under other water treatment conditions in monoculture and mixed culture. Carbohydrate reserves deplete due to continued demand for carbohydrates in order to maintain metabolism, and the plant might die due to its inability to resist attack from biotic agents or starvation, whichever occurs first [47] . The stomatal conductance and net photosynthesis rate of Acer platanoides and Fagus sylvatica were found to decrease simultaneously under drought plus competition conditions [22] , which is consistent with that observed in C. coggygria in the present study. In contrast to C. coggygria, R.
typhina maintained constant A, and Gs in the mixture pots, regardless of the water conditions, indicating that R. typhina might have adopted another mechanism to cope with drought. Some species maintain positive carbon gain under drought conditions, allowing the midday leaf water potential to decline [46, 47] [46] , and they can withstand prolonged drought condition before carbon starvation [47] .
In conclusion, the invasive R. typhina and the native C. coggygria displayed differences in many growth-related parameters when they were cultivated either separately or together. This is consistent with the phenotypic divergence hypothesis [10] holding that the functional traits differences contribute to the invasion success of exotic species. Rhus typhina maintained its absolute dominance against C. 
Conclusions
Rhus typhina grows slowly at the seedling stage, but grows fast once established [48] . Therefore, R. typhina probably will continue its dominance when grown adjacent to C. coggygria in a long term. As the glasshouse study cannot simulate the complex natural environments, our observation should not be extrapolated arbitrarily to field conditions. Given the widely acknowledged invasiveness of R. typhina and the extensive use of the two species in reforestation and urban greening, field studies with closer attention on the interaction between R. typhina and C. coggygria in the future global change scenarios is necessary to better understand the invasion of R. typhina and to take appropriate precautionary and management measures. Our study contributes to a better understanding of invasive mechanisms of alien tree species such as R. typhina under various moisture conditions and predicts its future expansion under global climate change scenarios.
Methods
Study site and plant materials
The experiment was conducted in the greenhouse of Fanggan Research Station of Shandong University (36°26′N, 117°27′E) , which is located in the central mountainous region of Shandong Province, China. The region has a typical temperate monsoon climate, with an average annual precipitation of approximately 600-800 mm, most of which occurs from June to August (60%-70%). The predominant vegetation in this area is mixed forests of the warm temperature zone.
The soil is a yellow cinnamon soil with limestone as the parent material [49] .
The seeds of both species were collected from hills near the research station during the autumn of 2011.The seeds were stored at 0°C-4°C during winter. During the late April of 2012, the seeds were soaked in distilled water for 24 h before they were allowed to germinate in a growth chamber. Doctor Wei Li from Qingdao Agricultural University undertook the formal identification of the plant material used in our study. A voucher specimen of this material has been deposited in the herbarium of Shandong University. Healthy and uniformly germinated seedlings were transplanted into plastic pots (320 mm height × 290 mm diameter) with one or two seedling(s) per pot. Each pot was filled with 6 kg of loam and 2 kg of sand, which was carefully passed through a 2-mm sieve to remove debris, and thoroughly mixed.
Experimental design
Three water treatments, 30%-40% (W1), 50%-60% (W2), and 70%-80% (W3) of field capacity (FC), were applied to three plant cultivation treatments. The plant cultivation treatments included monoculture pots that contained one seedling of either species (R. typhina or C. coggygria) and mixture pots that contained one seedling of both the species.
The pots were randomly arranged in the greenhouse and re-randomized at regular intervals (7 d) throughout the experiment. The pots received compensatory irrigation after weighing daily at 18:00 h to maintain constant soil moisture level.
Insects and weeds were controlled manually. Each treatment contained eight pots.
The study was carried out from July 6 to September 5 of 2012, and it lasted for 62 d.
Measurement of plant traits
The gas exchange parameters were measured on August 20 and 21, 2012, using a portable leaf gas exchange system (GFS-3000; WalzGmbH, Effeltrich, Germany).
Light was supplied by a red-blue light-emitting diode set at an irradiance of 2000 µmol m -2 ·s -1 (PAR) to ensure that all seedlings were light saturated. The airflow through the leaf chamber was set to 400 µmol -1 ·s -1 , chamber temperature to ambient temperature, and CO 2 concentration to 400 µmol·mol -1 (Ca). Five pots per treatment were harvested thereafter, washed thoroughly with tap water, and divided into stems, leaves, and roots. The leaf area of all the plants was measured using a scanner (Epson Perfection V700; Seiko Epson, Japan) and calculated using an image analyzer (Image Pro Plus Version 4.5; Media Cybernetic, Inc., Silver Spring, MD, USA). The dry weight of various plant fractions was determined after drying in an oven for 48 h at 100°C. The specific area (leaf area / leaf biomass, SLA), leaf area index (leaf area / crown area, LAI), root biomass ratio (root biomass / total biomass, RBR), stem biomass ratio (stem biomass / total biomass, SBR), and leaf biomass ratio (leaf biomass / total biomass, LBR) were calculated thereafter.
Statistical analyses
To evaluate the major effects and interactions of water and cultivation treatments, the two-way analysis of variance (ANOVA) was performed using plant performance and functional traits of each species. The data were log-transformed when necessary to meet the normality and homogeneity of variance assumptions of ANOVA. However, for clarity the untransformed data are presented. The two-way ANOVA and Duncan's multiple range test (DMRT) at 95% confidence level for all plant variables were conducted.
The dominance of the target species in mixed cultures was estimated using the log response ratio (lnRR) [17, 51, 52] , calculated using the following formula: lnRR = ln (total biomass of a target plant grown in monoculture / total biomass of a target plant grown in mixed culture). The species lnRR analyzed by the one-way ANOVA was expressed separately for each species.
All the statistical analyses were performed using the IBM SPSS 21.0 software package (IBM Inc., Armonk, NY, USA). Bar charts were drawn using Origin 9.0 software (OriginLab Co., Northampton, MA, USA). The log response ratio (lnRR) of Rhus typhina and Cotinus coggygria under three water regim
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